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I .  Tryptophan losses in stored milk powders and in different model systems representing the major reactions 
of food proteins during processing and storage were determined using four different chemical methods and in a 
rat assay. 
2. Similar tryptophan values were obtained by the three chemical methods which included high pressure liquid 
chromatography (HPLC) after sodium hydroxide hydrolysis. colorimetric reaction with p-dimethylamino- 
benzaldehyde @-DAB) after barium hydroxide hydrolysis, and fluorescence of the Norharman derivative after 
NaOH hydrolysis. 
3. Tryptophan losses in the treated proteins as measured by the alkaline-hydrolysis methods were generally 
smaller than those determined by the rat assay. Good agreement however was obtained when the chemical value 
was multiplied by the true nitrogen digestibility. 
4. Determination of tryptophan by reaction with p-DAB after papain (EC 3.4.22.2) digestion gave lower 
values in the processed proteins than the other chemical methods or the rat assay. 
5. A method using alkaline-hydrolysis is recommended, preferably combined with HPLC-measurement of the 
liberated tryptophan. 
The amino acid content of food proteins is usually determined by ion-exchange chroma- 
tography after acid-hydrolysis (Spackman et at. 1958). Tryptophan, however, must be 
determined separately as it is degraded during acid-hydrolysis. Several alternative methods 
have been proposed (Friedman & Finley, 1975), but so far no satisfactory technique has 
been found (Williams et al. 1982). 
Alkaline-hydrolysis is most frequently used to digest the protein, followed by chromato- 
graphic (Hugli & Moore, 1972; Nielsen & Hurrell, 1985), colorimetric (Miller, 1967), 
fluorimetric (Buttery & Soar, 1975) or microbial (Boyne et al. 1975) measurement of the 
liberated tryptophan. Acid-hydrolysis using organic sulphonic acids has also been suggested 
(Liu & Chang, 1971; Inglis et al. 1976), but this method appears to be inapplicable to 
foodstuffs (Friedman et al. 1984). Enzymic hydrolysis would be a way to overcome the 
instability of tryptophan during acid-hydrolysis and, to a lesser extent, during alkaline- 
hydrolysis, but with heated protein it may not be complete (Hurrell et al. 1976). 
In the previous paper (Nielsen et al. 1985), we compared the losses of tryptophan with 
those of lysine and methionine in model systems simulating the major reactions which 
proteins can undergo during the processing and storage of foods. In the present paper, using 
essentially the same model systems, we compare the ability of the high pressure liquid 
chromatography (HPLC), colorimetric and fluorimetric determinations of tryptophan after 
alkaline-hydrolysis, and a colorimetric method using enzyme predigestion, to predict losses 
of bioavailable tryptophan as measured in a rat assay. 
None of the total tryptophan methods accurately predicted bioavailable tryptophan when 
protein digestibility was significantly reduced. Nevertheless, an HPLC method (Nielsen & 
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Hurrell, 1985) using a similar hydrolysis procedure to that of Hugli & Moore (1972), and 
5-methyltryptophan as an internal standard (Wilkinson et al. 1976), proved to be the method 
of choice. 
E X P E R I M E N T A L  
Test materials 
The preparation of the model systems representing the different reactions of proteins during 
food processing and storage has been described in the previous paper (Nielsen et al. 1985). 
The model systems were designed to be representative of the reactions of food proteins with 
lipid oxidation products, hydrogen peroxide, polyphenolic substances, alkali and reducing 
sugars. Additional samples of whole-milk powder stored at 70" were the same materials 
as used by Hurrell et al. (1983). 
Analytical methods 
Tryptophan was determined by four different chemical methods : 
HPLC after sodium hydroxide hydrolysis (Nielsen & Hurrell, 1985). Hydrolysis was made 
with NaOH in evacuated, sealed tubes placed in an oven. Tryptophan was measured by 
reverse-phase HPLC with fluorimetric detection. 5-Methyltryptophan was added to each 
sample as an internal standard and its recovery after hydrolysis was used to correct for the 
losses of tryptophan that occurred during hydrolysis. 
p-Dimethylaminobenzaldehyde (p-DAB) after barium hydroxide hydrolysis (Miller, 1967). 
Hydrolysis was made using Ba(OH), in polypropylene flasks in an autoclave and tryptophan 
was measured by colorimetric reaction with p-DAB. Free tryptophan was added to 
additional duplicate samples before hydrolysis and its recovery was used to correct for the 
loss of tryptophan in the test material. 
Fluorimetric determination after NaOH hydrolysis (Buttery & Soar, 1975). Hydrolysis was 
made with NaOH in polypropylene tubes placed in an autoclave. Tryptophan was measured 
fluorimetrically as the Norharman derivative after reaction with formaldehyde and 
oxidation by ferric chloride. Free tryptophan was added to duplicate samples before 
hydrolysis and its recovery was used to correct for the loss of tryptophan in the sample. 
p-DAB after papain (EC 3 . 4 . 2 2 . 2 )  digestion (Mauron et al. 1960). The sample was 
solubilized by papain digestion (E. Merck, Darmstadt, W. Germany), filtered and tryptophan 
measured by reaction with p-DAB. In order to compensate for different colour yields, free 
tryptophan was added to extra portions of the hydrolysates before the colorimetric 
reaction with p-DAB. The tryptophan content was then determined graphically. 
Animal assays 
The rat assays for the determination of bioavailable tryptophan and true nitrogen 
digestibility have been described and reported previously (Nielsen et al. 1985). 
R E S U L T S  
Comparison of chemical methods with bioavailable tryptophan. Table 1 shows the tryptophan 
content of twelve test materials determined by four different chemical methods and by a 
rat assay. Considering first of all the untreated proteins, the three chemical methods 
employing alkaline-hydrolysis gave similar values for the respective samples. The technique 
using papain hydrolysis and p-DAB gave a somewhat lower absolute value for untreated 
whey protein and a slightly higher value for untreated milk powder. The bioavailable 
tryptophan values obtained by the rat assay were a little higher than those obtained after 
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Fig. 1 (a-c). For description and Fig. l(d), see opposite. 
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alkaline-hydrolysis for whey protein and casein but of the same order for whole-milk 
powder. 
The three chemical methods using alkaline-hydrolysis also gave comparable estimates for 
tryptophan losses caused by the different treatments. The only exception was for the 
alkali-treated casein where the HPLC and p-DAB techniques predicted a 10% loss of 
tryptophan and the fluorimetric technique a 10% gain; the rat assay showed 46% loss of 
available tryptophan. 
In most instances, the three methods using alkaline-hydrolysis predicted smaller trypto- 
phan losses than those measured by the rat assay. This would appear to have resulted from 
reduced protein digestibility of the treated samples (Table 1). Fig. 1 shows that better 
correlations between the animal assay and the three analytical methods were obtained when 
the analytical results were multiplied by true N digestibility. 
The papain p-DAB technique gave lower relative tryptophan values than the other 
analytical methods and, except for the alkali-treated casein and the 'high temperature ' 
lipid oxidation sample, the method predicted greater tryptophan losses than that found 
with the rat assay (Table 1). 
Losses of tryptophan in milk powder stored at 70". Fig. 2 shows the content of tryptophan 
in a whole-milk powder stored at 70" as measured either by HPLC after NaOH hydrolysis 
or colorimetrically with p-DAB after papain digestion. Using the latter technique, losses 
up to 40% were found whereas, with the NaOH-HPLC method, losses up to only 8% 
occurred. In the same samples, reactive lysine fell by 85% (Hurrell et al. 1983). 
Losses of tryptophan in whey protein incubated with oxidizing lipids. Fig. 3 shows 
tryptophan in whey protein stored with methyl linolenate and water in sealed tins at 37" 
in the presence of 1 mol oxygen/mol lipid. Again, large losses were observed with the papain, 
p-DAB method whereas the NaOH-HPLC technique showed virtually no losses. 
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Fig. 2. Percentage of tryptophan remaining in whole-milk powder stored at 70" as measured by high 
pressure liquid chromatography (HPLC) after sodium hydroxide hydrolysis (O),  or by reaction with 
p-dimethylaminobenzaldehyde @-DAB) after papain (EC 3.4.22.2) digestion (0). Values are means 
of duplicate determinations. For HPLC method, initial tryptophan content was 14.0 mg/g crude protein 
(nitrogen x 6.25) and pooled SEM was 0.5% ; forp-DAB method, initial value was 14.8 mg/gcrude protein 
and pooled SEM was 5 % .  
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Fig. 3. Percentage of tryptophan remaining in whey protein stored with methyl linolenate and water 
(1:0.5:0.27, by wt) at 37" in the presence of 1 mol oxygen/mol lipid. Tryptophan determined by high 
pressure liquid chromatography (HPLC) after sodium hydroxide hydrolysis (0) or by reaction with 
p-dimethylaminobenzaldehyde @-DAB) after papain (EC 3.4.22.2) digestion (0). Values are means of 
duplicate determinations. For HPLC method, initial value was 26.3 mg/g crude protein (nitrogen x 6.25) 
and pooled SEM was 1 % ; for p-DAB method, initial value was 24.4 mg/g crude protein and pooled SEM 
was 2%. 
DISCUSSION 
The three techniques using alkaline-hydrolysis gave very similar results even though the 
hydrolysis procedures and the subsequent detection of tryptophan differed in each of the 
methods. This indicates that the different alkaline-hydrolysis procedures (NaOH under 
vacuum, Ba(OH), in autoclave, NaOH in autoclave) release similar amounts of tryptophan 
(as also found by Friedman et al. (1984)) and that the three methods for detection (HPLC, 
colorimetric and fluorimetric) give similar tryptophan estimates. 
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However, when compared with the tryptophan bioavailability assay, these three alkaline- 
hydrolysis methods underestimated the losses of tryptophan that occurred during processing 
and storage, since they did not take into account the impaired release and absorption of 
tryptophan which occurred in vivo. True N digestibility was used to estimate the reduction 
in tryptophan digestibility and, for most samples, a good agreement was found between 
the chemical value corrected for true N digestibility and the rat-assay value. The alkali-treated 
casein and the ‘advanced’ Maillard reaction milk powder did not show as close an 
agreement as the other samples. In the ‘advanced’ Maillard sample, the low N digestibility 
could be explained by a lower release and absorption of lysine and lysine peptides than of 
other amino acids. In the alkali-treated casein, it is possible that the release and absorption 
of tryptophan and tryptophan peptides were especially impaired (Nielsen et al. 1985). 
The fourth analytical method, colorimetric reaction with p-DAB after papain digestion, 
in most instances severely underestimated the bioavailable tryptophan values of the treated 
proteins as measured by the rat assay. The reasons are unclear. Asp-DAB reacts with both 
free and peptide-bound tryptophan (Gruen & Rivett, 1971), the aim of the enzyme treatment 
is only to improve the solubility of the sample and not to hydrolyse the proteins completely. 
It is possible that cross-linkages and amino acid complexes formed during processing and 
storage impede the entry of the p-DAB reagent into the partially-hydrolysed protein 
molecule and thus prevent its complete reaction with all the tryptophan residues. Another 
more likely explanation is that the papain digestion failed to solubilize the treated 
proteins completely and that a considerable part of the tryptophan was removed by the 
post-digestion filtration employed in the method. Our results show that this method cannot 
be used to measure ‘total’ or ‘available’ tryptophan in processed or stored samples. Earlier 
studies which have used this method (Finot et al. 1982; Hurrell et al. 1983), or a similar 
method with no previous hydrolysis or solubilization (Dworschak & Hegediis, 1974), and 
which have reported large losses of tryptophan in stored or heated milk powders, would 
appear to be erroneous. 
A chemical method which always accurately predicts bioavailable tryptophan in raw and 
processed foods does not exist. Methods for total tryptophan, like all total amino acid 
analyses, only accurately predict the bioavailable amino acid when in vivo protein 
digestibility and amino acid absorption are close to completion. Hopkins (1981) reviewed 
the true N digestibility in humans of a wide range of raw and processed foods. In most 
instances N digestibility was 90% or more although, in some processed cereals, it was 
considerably lower. 
Of the total tryptophan methods investigated, those using alkaline-hydrolysis are 
preferred. The method employing NaOH-hydrolysis followed by HPLC detection had by 
far the lowest standard error (Table 1).  This is presumably because correction for 
tryptophan losses during hydrolysis is made by adding an internal standard (5- 
methyltryptophan). The technique of Miller (1967) and of Buttery & Soar (1975) estimate 
tryptophan losses during hydrolysis by adding free tryptophan to duplicate samples. 
Williams et al. (1982) similarly reported that, in a collaborative trial investigating the latter 
two methods, the variation between laboratories was high and exaggerated by the variation 
in the recovery of added tryptophan. We would therefore recommend that total tryptophan 
in processed foodstuffs is measured after alkaline-hydrolysis, and preferentially by HPLC 
(or ion-exchange chromatography) using 5-methyltryptophan as internal standard. If 
bioavailable tryptophan is required, then protein digestibility must also be estimated. 
The authors wish to thank Dr P. A. Finot and Professor J. Mauron for valuable discussions. 
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